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ABSTRACT 2 44 >

The acceleration of a gas undergoing ionization in a crossed electric-
magnetic field leads to the formation of current sheets similar to those
observed in coaxial plasma guns., The dynamics of such sheets is of great
interest to workers in plasma physics in view of their application to con-
trolled thermonuclear fusion experiments and to space propulsion. In the
present paper a detailed mapping of the magnetic field in the vicinity of
a current sheet is described. Conventional small search coils are used for
the detection of this field. From the configuration of this field an attempt
is made to understand the processes taking place in the sheet, All of the

experiments described in the paper are performed on a plasma coaxial gun of

small aspect ratio. w \\

———

INTRODUCTION

Current sheets in plasmas occur whenever an abrupt spatial change in
the value of the magnetic field takes place inside the body of a plasma.
In view of their importance to several applications to investigations on
controlled thermomaclear fusion reactions and to space propulsion the dynam-
ics of these sheets have been examined in details by many workers in the

fie1d1’2’3.

¥Work supported by the National Aerocnautics and Space Administration and
by the Cambridge Air Force Research Center.
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A search of the techmical literature reveals that there are many inves-
tigations on the theoretical study of current sheets of infinite extenty’ 5’6.
In an experimental arrangement, however, the finite size of the apparatus
will 1imit the size of the current sheet. The important difference between
the infinitely large sheet and the bounded sheet is the appearance of crossed
electric field which may appreciably alter the physics of the situation. The
paper presented here, considers the case of a current sheet produced by an
electric discharge in a gas confined by two infinitely wide parallel elec-
trodes. (Fig. 1) This configuration is not unrealistic since the effect of
the width of the electrodes can be obviated in an arrangement which may use
coaxial electrodes for instance. The sheet under considerations would then
take place in the anmular spacing,

The reason the discussion given here is carried on a planar rather than
a cylindrical geometry is to eliminate the dependence of the motion on the
radial coordinate. Thus allowing the concentration of the discussion on the
essential physical phenomena taking place inside the current sheet.

It has been observed and the experimental results of Burkhardt and Lov-
berg (1) show this very clearly, that highly planar current sheets can be
produced in a plasma. Furthermore these sheets appear to propagate with con-
stant velocities. It has been speculated that the reason for the propagation
of these sheets as plane sheets even in g coaxial configuration can be as-

cribed to an ionization front moving in the gas. The velocity of this front

M. Rosenbluth, R. Garwin and A. Rosenbluth, A.E.C. Rept. LA-1850 (195h).
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is determined by the energetics of the situation in which the energy input
from the source is used to accelerate and heat the electrons. These in turn
continuously ionize the neutral atoms with which they collide. Since tre
elec tron-neutral collision frequency is much higher than that of the ion-
neutral collision frequency the electrons are responsible in great part

for the ionization.

If the Debye length is smaller than the Larmor radius of the ions but
larger than that of the electrons it is plausible to imagine the electrons
to carry almost all the current in the sheet with the ions moving in a
quasi linear trajectory inside the sheet. As a result an electric field
due to the charge separation occurs in the direction of the motion. It is
clear that conservation of momentum will require the momentum flux of the
ions to be balanced by the magnetic pressure of the ions.

In the model considered here a cold plasma is imagined to move toward
a neutral gas and complete ionization is assumed to take place at the sheet
edge, In a sense the ionization front acts as a source of ions and electrons.

The paper is divided in two parts. In the first a simplified theory
for the structure of the sheet is discussed., In the second some experimental

observations are examined in the light of the theory of part 1.

THE STRUCTURE OF THE CURRENT SHEET

A two fluid theory is developed for the determination of the details of
the sheet. In accordance with the discussion of the previous section the
sheet is assumed to move at a constant wvelocity Vge It is further stipulated
that the electrons Larmor radii are much smaller than the interelectrode

distances and of the current sheet thickness as well,




)

If the cyclotron frequency of the electrons is much higher than the
collision frequency (electron-neutral collisions) the treatment can follow
the assumption of a collision free plasma., On the other hand the ions
Larmor radius is considered to be mch smaller than the characteristic dim-
ension of the apparatus but can be larger than the thickness of the current
sheet., Under these conditions it is plausible to assume the electrons to
carry a major portion of the current. Indeed the ratio of the transverse
velocities (in the z-direction) of the ions and electrons is actually equal
to the ratio of their masses, It will then be shown that the magnetic
forces can be neglected in as far as the ions are concerned,

The small size of the electron Larmor radius will allow one to use a
hydrodynamic approximation for the electron fluid in the treatment of this
problem, The motions of the ions too, can be described by a fluid model
because the absence of collisions and the negligible effect of the magnetic
forces will cause the ions to move as a quasi one-dimensional fluid,

The velocities of the electrons can be approximately estimated by their

drifts so that one finds at once

v, o= Ez/Bx (1)
and
v, = -Ey/Bx. (2)

where vy, v, are the velocities of the electron fluid in the y and z direétion,
respectively, Ey and Ez are the electric fields intensities in the same direc-
tion and Bx is the resulting magnetic field.,

On the other hand for the ions one obtains by means of the momentum equa-

tion for steady state and for the conditions where all quantities are functions
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of the y coordinate only
dv:.L
m Vg = eE v, B) (3)

In the above v is the velocity of the ion fluid in the y direction referred

to a frame fixed with respect to the current sheet, while Vi g is the velocity
’

of the ion fluid in the z direction. Substituting from (2) one finds

d(v12/2) . /P
mi-_d?—— = e y(l-—z"vz) (h)
Vi,z
But —=2= << 1, so that it can be neglected and Eq. (4) indicates that the
x

kinetic energy of the ions are found to be derivable from a potential produced
by the charge separation such that
vi2 m, vs2
m () = (55— -ef) (5)

Hence at the edge of the sheet where the field vanishes the velocity vi tends

to the wvalue vs.

Now it is well knom7’8

that whenever (E + v x B) = 0, then for steady
state conditions a simple dependence exists between the density of the conduct-
ing fluid and the magnetic field whenever two dimensional flow conditions pre-

vail, This is seen readily from
vxE = -vx(vxB) = 0 (6)

the latter step following from Faraday's relation and by comparing the expanded

term

7 6. s. Golitsyn, J.E.T.P. 3L, L73 (1958).

8 A similar treatment has been followed by C. Longmire in his ™Notes on Plasma

Physics.® (Los Alamos, 1958) (unpublished),




vx(vxB) = (v.v)B+Bv.v) = 0 (7)

with the relation for the conservation of electrons

V.(nex) = (0 = (lr.v)ne+ne(\7-1) (8)

In the above equation (7) the solenoidal property of B has been used as well as
the fact that v does not vary along the direction of B.
Consequently it follows that here,

ng n
g~ = constant = Fo s 8ay. (9)
x °

There are some simple relations between the density of the electrons and ions

and the potential §. Indeed manipulation of Amperes relation for the current

1 de
en v, = Il-: & (10)

in which the premise is made that the electrons carry all the current, together

with (2) and (9) leads to
2

n = 270 (p,4) (11)
B2 o

e
Lo}

where d)o is a constant such that the density n, tends to n_ whenever ¢ vanishes,

i.e, 2

4)0 = w:n * (12)
0 0

Since all quantities are functions of y only, the conservation of charges yields

n,v, = on Vv, = n v . (13)




The two particle fluxes are indeed equal since an equal flux of particles
of either charges penetrates the edge of the current sheet,
Combination of (11), (13) and (5) leads to an expression for Poisson's

equation in which the potential is defined by the differential equation

2 & (ni - ne)
dy o
n kne :
e
S R -n (22 ¢+ 1)) (1b)
0 ] - 2e ¢ Bo
mivs
Introducing the transformations
2e
t = )b
mv
i's
1/2
2e no
y = ( 5) ¢
eomivs
and the parameter
2
pnmv
q = 0018 ,
2B 2
o]

The above equation can be made dimensionless., Actually it becomes

2
S o oy 41 - = ). (15)
ag 1-y

The solution for this equation for a few values of the parameter a and for the
boundary condition of a vanishing electric field and the potential is shown in
Fig. (2)0

For a < 1/2, the solutions approaches asymptotically the functional be-
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havior y ~ € o When the parameter a is greater than}z- the poten-
tial y oscillates. For very large a the period is approximately proportional
to 1

1a -1/2
The magnetic field obtained from the above relation is given in dimen-

sionless form as
[

B
5 - (ay + 1) (16)

and its behavior is shown in Fig. (3).

The actual thickness E of the current sheet is determined from the con-

/

I = -efnevzdy

;
:+ef
<]

By virtue of (9), however, one can simplify the above to be

dition

E d
_ (17)

Nw‘ mb

/4
- o d
I = -eg? ~r a? dy
° (o]

- g2 80) (26)
(o]

In view of the periodic character of ¢ for a >% the current sheet may be
several periods thick. This is not true however for a < 1/2 in which case the

thickness as defined by (18) becomes finite.

EXPERIMENTAL PROCEDURE

The general layout is shown schematically in Fig. L. The discharge of

the condenser bank takes place between two concentric electrodes, The current




sheet which forms is fairly planar.

The magnetic field between the electrodes is detected by small probes
similar in construction to the design of Karr(g). Two probes are used for
the mapping of the field, By placing the probes in the same plane the
azimuthal dependence can be checked., Axial positioning of the probes on
the other hand allows the determination of the structure of the sheet at

different stations along the axis,

The important operating parameters are summarized in the table given

below.,
Maximum Condenser voltage up to 12Kv
Condenser bank capacitance 30uF
Polarity: center electrode negative
Electrode length 2L cms
Radius of inner electrode 3.5 cm
Radius of outer electrode h.75 cm
Time to current maximum 1.75 usec
Gas pressure: varied between 0.1~2mm
Gases used Hé and A

In order to verify the theory discussed in the previous section a
series of measurements were done, to obtain the intensity of the magnetic
field behind the sheet as well as the frequency of the oscillations in
the plasma., Typical oscillograms for two different gases and different

conditions are shown in Fig. 5.

9 H, J. Carr, "The Plasma in a Magnetic Field." (Stanford University

Press, 1958), p. LO ff,
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For the range of experimental values of the pressure used (0,1 - 2mm)
the frequencies varied between 0.6 and 1.5 megacycles, By adjusting the
voltage on the capacitor bank to different values it was possible to change
the magnetic field and hence the Alfvén velocity. Magnetic field intensi-
ties between one and 6 kilogauss were thus obtained in this fashion.

For each experiment the welocity of the sheet was calculated from a
determination of the time of flight of the sheet between the two probes.
The result of all these measurements has been condensed in graphical form
in Fig. 6 which shows the dependence of the frequency on the coefficient
Qe

It appears that the mean features of the theory are verified, Indeed
no oscillations were noticed when the factor a was too low.

An important conclusion arrived here is that the assumption of the
ions carrying a small fraction of the current seems to be a fairly good
one, It thus implies that the ions gain energy indirectly from transfer
through electron~ions collisions., This fact may be of importance in clari-

fying the onset of a shock in an electrically driven shock tube.




Fig. 1:

Electrode configuration and coordinate axis used in the text.
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Fig. 3: Functional behavior of the magneti: field referred to its value
at the sheet edge with respect to (.
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Fig. 6: Dependence of the relstive magritude of tre vperiods on the

relative values of the parameter. For a perfect check of

the theory the pointe should £221 on the 45° (so0lid) line.

The full circles rofar to Hydrogen, thc cpen circles to Argon.
As the sheet velocity is not strengly deper.ent on tre pres-
sure, a is almoct inversely proportional to the Alfvén
velocity.



